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Introduction
The use of pesticides in modern agricultural practices has enabled the stabilisation of crop production patterns globally. Nevertheless, the environmental and health problems associated with the use of pesticides at such a global scale cannot be overlooked. A constant search for new pesticides is on-going to combat the resistance developed by pests against traditional pesticides. For example, fungicides, such as azoxystrobin, cyprodinil, fludioxonil and pyriproxyfen are relatively new pesticides that have been introduced into the marketplace [1] . However, the fact that agricultural products cannot be sold if they contain pesticides exceeding the residual limit implicates the need for development of methods to effectively eliminate residual pesticides in harvested crops [2, 3] .
For the past two decades, research in food science has largely focused on nonthermal technologies such as high pressure, pulsed electric field, ultrasound, pulsed light, and ozone processing technologies. Nonthermal plasma (NTP) is a relatively novel technology for the decontamination of fresh foods and food processing surfaces. NTP is widely used at an industrial scale for material processing [4, 5] . The fundamentals of NTP and its applications to decontamination of foods were reviewed by Misra, Tiwari, Raghavarao and Cullen [6] and Niemira [7] . Unlike microbiological decontamination, only a limited number of studies have demonstrated the successful degradation of pesticides by NTP. The degradation of Dichlorvos and Omethoate organophosphorus pesticides sprayed onto maize samples when treated with an inductively coupled radiofrequency NTP source operating in oxygen was studied by Bai, Chen, Mu, Zhang and Li [8] . Recently, Bai, Chen, Yang, Guo and Zhang [9] also demonstrated the successful degradation of dichlorvos pesticides coated on glass slides using the same inductively coupled plasma (ICP) source. In an earlier study, Kim, Kim and Kang [10] reported the decomposition of paraoxon and parathion with an atmospheric pressure, radio-frequency plasma generated in Ar and Ar/O 2 mixture. However, to the best of our knowledge there have been no studies regarding NTP aided pesticide degradation on fruits and vegetables, in general, and strawberries in particular.
In-package nonthermal plasma is a novel and highly desirable technology for food and bio-decontamination [11] . It involves generation of a NTP inside a sealed package containing the food or biomaterial intended for treatment. The reactive species generated by plasma persist up to a few hours inside the packaging, during which time there is a significant antimicrobial effect. Critically the generated short life active species revert back to the original gas [12] . We have successfully demonstrated the ability of DBD based in-package NTP in air to inactivate background microflora on strawberries, without inducing significant changes in quality [13] . Recently, our group also demonstrated the inactivation of an enzyme in tomato extract using the same plasma source [14] . We have not found significant changes in the food packaging material following NTP treatments to declare hazards from this process [15, 16] . Besides microbiological concerns, pesticides residues in strawberries also pose a serious health risk, for they are often consumed without washing or are minimally processed. This work investigates the potential of in-package NTP for the degradation of pesticide residues on strawberries.
The aims of the present study were to find out if in-package NTP can degrade pesticide residues on strawberries. More specifically, the study involves quantifying the degradation of fungicides, namely azoxystrobin, cyprodinil, fludioxonil, and pyriproxyfen on strawberry surface by GC-MS/MS analysis, under the influence of NTP treatment. A brief summary of these pesticides, including chemical structure, toxicity is provided in Table 1 . With an aim to explain the observed effects, the electrical and optical characterisation of the plasma source has also been carried out. 
Produce
Fresh strawberries (Fragaria ananasa, var. Elsanta) were purchased from the local wholesale fruit market (Dublin, Ireland) and stored under refrigerated conditions for ~1 h before carrying out the experiments. The strawberries were screened for the presence of pesticides and those selected were found to be absent for the studied pesticides.
Chemicals
Acetone (≥99.9% capillary GC-grade), Dichloromethane (≤0.0005% non-volatile matter), Petroleum Ether, Ethyl Acetate (≤0.0005% non-volatile matter) and Sodium Sulphate (anhydrous) were all obtained from Sigma-Aldrich, Ireland. Azoxystrobin, Cyprodinil, Fludioxonil and Pyriproxyfen standards were also obtained from Sigma-Aldrich, Ireland.
Exposure of samples to pesticides
A cocktail of all the four pesticide standards was prepared in ethyl acetate at 100 ppm concentration each. Initial quality control runs in our laboratory have shown that the selected pesticides do not react with each other. To ensure a homogeneous distribution of pesticides on the fruit surface, we adopted the method of immersion into the pesticide solution for 15 s. The dipped pesticides were allowed to air-dry under dark, inside a laminar flow hood for 1 h, followed by a second dip for 15s and repeated drying. A schematic of the experimental set-up employed in the study is presented in Figure 1 . The DBD system comprises of two circular aluminium plate electrodes (outer diameter = 158 mm) over dielectric layers (10 mm thick perspex for high voltage electrode and 2mm thick polypropylene for ground electrode) between which a PET (polyethylene terephthalate) package containing the food sample is placed. The high voltage step-up transformer (Phenix Technologies, Inc., USA) powered at 230V, 50 Hz delivers a high voltage output in the range 0-120kV rms. Three discreet voltages viz. 60, 70 and 80 kV (RMS) at 50Hz frequency were applied across the electrodes for these experiments. The rigid PET package had dimensions of 150 mm X 150 mm X 35 mm and also served as a dielectric material. Boxes with strawberry samples were sealed inside polymeric film of 50 micrometre thickness (Cryovac BB3050) with very low gas transmission rates, in order to prevent leakage of the plasma-generated reactive species. This film served as an additional layer of dielectric. All treatments were conducted in air. Literature reveals that most DBD treatments for food application operate in single diatomic gases or noble gases [6] . However, for practical applications, it is attractive to use less costly molecular gases, for example air [20] . The atmospheric air conditions at the time of packaging and treatment was 42±1% relative humidity (RH) and 25±2 °C, as measured using a humidity-temperature probe connected to a data logger (Testo 176 T2, Testo Ltd., UK). The strawberry samples were subjected to nonthermal plasma treatment for 60, 120, 180, 240, and 300 s and subsequently stored for 24 hour at 10 °C and 90% RH. These operating conditions were selected based on previous experiments conducted in our laboratory.
Plasma treatment

Electrical measurements
The voltage applied across the electrodes was monitored in the time domain using a high voltage probe (North Star PVM-6) coupled to a voltage divider to allow recording of the full voltage waveforms on an Agilent InfiniVision 2000 X-Series Oscilloscope (Agilent Technologies Inc., USA). A current transformer probe (Bergoz CT-E1.0S) was used to record the current waveforms.
Ozone measurement
Ozone concentrations within the package were measured immediately following plasma treatments (for the maximum treatment times only), using Gastec ozone detection tubes (Product No. 18M, Gastec, Japan). These tubes contain a chemical reagent, which changes colour after reaction with the specified gas. 10 mL of the gas was pulled out of the package, into the tube, using a gas sampling pump (Gastec, Japan) with a hypodermic needle. To avoid leakage of the gas, a silicone septum with adhesive was used at the point of gas sampling.
Optical Emission spectroscopy
The optical emission spectroscopy of the nonthermal plasma discharge was carried out using a Stellarnet EPP 2000C-25 spectrometer at a resolution of 1.5 nm. The light from the nonthermal plasma was coupled via an optical fibre. The diffraction grating in the spectrometer had a radius of curvature of 40 mm with 590 grooves per mm and an entrance slit width of 25 µm. The fibre had a numerical aperture of 0.22 and was optimised for performance in the ultraviolet and visible region of electromagnetic spectrum. The spectrometer operated in a wavelength window of 190 nm to 850 nm. The integration time was 5000 ms and 5 samples were averaged for the collection of spectra. The emission spectra were qualitatively analysed to assign chemical species to the peaks. The spectra were noise cancelled, averaged and analysed using National Institute of Standards and Technology [21] atomic spectra database and published works [22, 23] for the identification of active chemical species.
2.8. Analysis of pesticides 2.8.1. Extraction procedure A number of methods currently exist for the extraction and analysis of multi-residue pesticides from a variety of food matrices [24] . We employed the mini-Luke (multi-residue) method using acetone, dichloromethane and petroleum ether mixture (1:1:1) for the extraction of pesticide residues. Briefly, ca. 15 g of homogenised strawberry sample was blended (T25 Ultra-Turrax, Ika Works Inc., USA) with 30±1 mL of acetone, followed by addition of 30±1 mL of Dichloromethane and 30±1 mL of Petroleum ether and further blending. 30±1 g of sodium sulphate (Na 2 SO 4 ) was then added and blended for 30 s to salt out the polar pesticides. This mixture was then centrifuged for 5 min at 3500 rpm and the organic phase collected. Subsequently 60 mL of the organic phase was concentrated in a rotary evaporator to ca. 2 mL with an intermediate step involving addition of 10 mL ethyl acetate. Appropriate dilutions were performed before loading on the auto sampler.
GC-MS/MS Analysis
Gas chromatography coupled to mass spectrometry (GC-MS/MS) is widely used in the analysis of pesticides that are highly volatile [25] . We employed an Agilent 7890N GC coupled with Agilent 7000A triple quadrupole MS for the analysis of pesticides, with ionization achieved by electron impact at 70 eV in multiple reaction monitoring (MRM) mode. The capillary column used was an Agilent 190915-433 capillary column (30 m × 0.25 mm I.D. × 0.25 µm thickness) with HP-5MSI (5% Phenyl Methylpolysiloxane) stationary phase. The operating conditions were: injection port temperature, 250°C; interface temperature, 280 °C; column oven temperature, 100°C for 5 min, ramped at 20 °C/min to 180 °C, followed by 5 °C/min to 280 °C for 10 min; helium carrier gas (flow rate of 1.0 mL/min); 2 µL injection volume. The split/splitless injector was operated in the split-less mode. Sample injection was automated with the use of an Agilent 7693 auto sampler.
Calibration Curve
A five point calibration curve was constructed for each fungicide covering a range of 10-250.0 ng/mL. The resulting correlation coefficients were higher than 0.991 in all cases. Quantifications of pesticides based on peak area data were conducted using these curves.
Data Analysis
GC-MS data were acquired with Agilent MassHunter Workstation acquisition software and analysed using Agilent MassHunter Workstation Qual software (MassHunter Workstation, ver. B.05.000 SP02/Build 5.0.291.4, Agilent Technologies). The significance of differences among treatments was evaluated using Tukey multiple comparison test at significance levels of p≤0.05 (SPSS ver 19, SPSS Inc., Chicago, IL).
The pesticide degradation data was fitted to pseudo-first order kinetics model using nonlinear least squares regression with Levenberg-Marquardt algorithm available from MATLAB 7.5 (The MathWorks, MA, USA). The first-order kinetics is given by
where, is the concentration of pesticide, 0 the initial concentration of the pesticide, is the rate constant (1/s) of the reaction and is the time (s). The model fitting was evaluated based on the coefficient of regression [ 2 ( )].
Results and Discussion
Current-Voltage characteristic of plasma source
Figure 2
The current-voltage characteristics of the discharge in package with strawberries.
The representative waveforms for the three voltages are shown in Figure 2 , where the applied voltage is sinusoidal, and the total current comprises of the displacement current superposed by numerous current pulses per half-cycle of the applied voltage. The discharge in the air can be characterised as operating in a typical filamentary regime with a microdischarge zone in each half-cycle of the applied voltage, which is organized by numerous streamer clusters at different durations up to the maximum of the applied voltage. The use of very high voltages favours generation of stable nonthermal plasma discharge even at wider gaps of 4 cm. The dielectric material acts as a charge trapping agent [26] , thereby limiting the charge transported and preventing the transition to an arc regime [27] . Further details regarding electrical characteristics of the discharge using capacitance-voltage Lissajous patterns can be found in a recent publication by our group [13] .
Ozone Concentration
The dielectric barrier discharge phenomenon generates energetic electrons, which dissociate oxygen molecules by direct impact. The resulting singlet oxygen (O • ) combines with oxygen molecule (O 2 ) via a three body interaction to form ozone (O 3 ) as depicted in the following equations.
The ozone concentrations measured after 300 s of plasma treatment were found to be 900, 3100 and 3800 ppm (within ± 10% error) for applied bias voltages of 60, 70, and 80 kV (RMS) respectively. Ozone is one of the most chemically stable and active species generated in DBD because of its relatively long lifetime and high oxidation potential [11] .
Optical Emission Spectroscopy (OES) of plasma
A fraction of the energy delivered to the nonthermal plasma causes excitement of several chemical species to higher energy states, which are detectable from the emission spectra. In OES, the spectrum of the radiation emitted by the plasma is grated and the intensity is measured as function of the wavelength. Emission spectrum (in arbitrary units) of the filamentary discharge in an empty package and package with produce, for discharge at 80 kV and 180 to 900 nm wavelength is presented in Figure 3 . The spectral recording was begun within first few seconds of plasma discharge initiation. The emissions were stronger in the absence of any samples within the package. This is most likely an outcome of the limited gas volume available in presence of the strawberries in addition to the solubilisation of the species into the moisture on the produce surface. The spectra exhibited identical peaks for other voltages with relatively less intensity of the major peaks, than at 80 kV (data not shown).
Figure 3
Emission spectrum of the nonthermal plasma discharge (80 kV for 300 s) in an empty package and package containing strawberries. Inset: zoom of the spectra around 750 nm showing less intense peaks from oxygen.
The emission spectrum clearly reveals emission in the near UV region (300-400 nm). DBDs operating at atmospheric pressures in air, in general, are weak source of UV [28] . Majority of the peaks obtained in the near UV region corresponded to intense emissions from N 2 (C − B) second positive system and N 2 + (B − X) first negative system [29] . The small emission lines noted in the area 750 and 780 nm were attributed to O atoms [22] . The relatively lower intensities of peaks associated with oxygen is due to quenching of O( 3 P) and O( 5 P) in the air plasma, as has been explained by Walsh, Liu, Iza, Rong and Kong [20] . The OH peak around 300 nm was also noticeable. These results point to the fact that the nonthermal plasma source was a source of reactive oxygen species (ROS) and excited nitrogen species (RNS). The gas phase chemistry of nonthermal discharges in air is complex and may involve as many as 500 reactions and 75 species [30] [31] [32] . Furthermore, complexity is also added by the wide ranges of length and time scales of such plasmas [33] . The four pesticides, namely azoxystrobin, cyprodinil, fludioxonil and pyriproxyfen were identified at retention times of 36.6, 20.6, 24.1 and 29.8 minute respectively (see Figure 4) . The concentrations of the pesticides in the control samples were found to be 1709.8±212.4 ppb, 2721.2±213.0 ppb, 2540.2±44.7 ppb, and 1569.7±186.7 ppb for azoxystrobin, cyprodinil, fludioxonil and pyriproxyfen respectively. These values suggested the appropriateness of dipping method for introducing pesticide residues onto strawberries. Following nonthermal plasma treatments and 24 h post-storage, a time and voltage dependent degradation of all the four pesticides was observed (see Figure 5) . The decrease in the concentrations of the pesticide residues relative to the control were significant (p≤0.05) for all the samples. Both applied voltage and treatment time were significant (p≤0.05) as process parameters governing the degradation. A maximum decrease of 69%, 45%, 71% and 46% was observed for azoxystrobin, cyprodinil, fludioxonil, and pyriproxyfen respectively after 300 s of treatment at an applied voltage of 80 kV. Except pyriproxyfen, the final concentration of all other pesticides following plasma treatment was found to be below the permitted maximum residual limit (MRL) (see Table 1 ).
Quantification of pesticide residues and degradation kinetics
Figure 5
Residual pesticide concentrations in strawberries before and after plasma treatment. Table 2 presents the first-order rate constant for the pesticide degradation under different voltages. Clearly, the rate constant (k) increases with increase in voltage. It should be noted that the first-order rate kinetics is based on our assumption that ozone reacts with the pesticide to form the degraded product (c.f. [34] ). The deviations from typical first-order kinetics of the degradation could be attributed to the geometric complexity of strawberries and the possible diffusion of the pesticides into the fruit interiors. [38] demonstrated a decline of fenhexamid, cyprodinil, and pyrimethanil on table grapes, when stored in atmospheres of 0.3 μL/L ozone enriched air. Notably, very high ozone concentrations were detected immediately after plasma treatment in our experiments. By analogy, ozone can be considered as one of the active species responsible for the degradation of the pesticides, in addition to the other myriad of species generated by plasma. Ozone can also undergo reaction with water to yield peroxide and hydroxyl radicals. The degradation of cyprodinil is probably an outcome of the attack at the nitrogen bridge between the two rings or the phenyl ring and/or the pyrimidyl ring by hydroxyl radicals formed from ozone [39] as typified in Figure 6 and further oxidation by Criegee mechanism.
Figure 6
Proposed reaction products for Cyprodinil (based on [34] ).
As a general observation, the degradation kinetics indicates that the rate of degradation (slope) decreases with increase in treatment time (note the logarithmic scale). This can be linked with the kinetics of air plasma chemistry where excited nitrogen species are favoured over oxygen species for extended time scales [40] . This type of exclusive competitive reaction mode has also been suggested for photo-induced degradation of diuron (herbicide) in aqueous solution by nitrites and nitrates with photolysis of water (which yields OH radicals) [41] . It may be noted that treatments for 240 and 300 s did not have significant effect on the degradation of azoxystrobin. Bai, Chen, Yang, Guo and Zhang [9] have reported similar observations, where the effect of an increase in applied power to plasma has insignificant effect on the degradation of dichlorovos. The excited nitrogen species despite their short life-time can shield the action of the ozone by forming local acidic environments, after the discharge is turned off. However, using optical absorption spectroscopy we have confirmed the presence of ozone in packages for up to 4-6 h even after the discharge is turned off [42] . The degradation of azoxystrobin in alkaline environments over acidic is already reported in the literature [43] . Since azoxystrobin has several functional groups, this most likely provides several sites for the attack by the active chemical species of NTP. It has been suggested that the photodegradation of azoxystrobin proceeds via multiple, parallel reaction pathways including photo-isomerization, photo-hydrolysis of the methyl ester and of the nitrile group, cleavage of the acrylate double bond, photohydrolytic ether cleavage between the aromatic ring resulting in phenol, and oxidative cleavage of the acrylate double bond [44, 45] . Similarly, the degradation of pyriproxyfen most likely begins by the cleavage of central ether linkage.
In order to explore the possible degradation mechanisms of pesticides, it is important to identify the intermediates and by-products during plasma treatment [9] . However, it is worthwhile noting that the identification and toxicity determination of the degradation products is often quite difficult, considering the number of breakdown products that could form after exposure to various treatments [38] . Unavailability of commercial standards of the degraded products also adds to the analytical problems. We also performed a total ion scan with an aim to identify the degradation reaction pathway. We found an unidentified peak at 6.51 min with abundance in 201 m/z ion fragment. Based on previous reports [46] , we propose the degradation pathway for fludioxinil shown in Figure 7 , whose end product is assigned to the peak at 6.51 min. Besides this there could be other unidentified free or conjugated degradation products. We wish to highlight that it was difficult to make any conclusions or identify common degradation products reported in the literature for all other pesticides, with added complexities from the compounds of strawberry matrix. The large number of peaks observed in the chromatogram (Figure 4) corresponds to non-polar metabolites of strawberries. Therefore, at this point the identification of degradation products using NMR spectroscopy is planned as a future work. 
Figure 7
Proposed mechanisms for degradation of Fludioxonil (see c.f. [46] ). On bottom is the mass spectrum of the peak obtained at 6.51 min which shows abundance in the 202 m/z peak.
Conclusions
Nonthermal plasma treatment using a dielectric barrier discharge successfully degraded pesticide residues on strawberries. The discharge operating in the filamentary regime was found to be a source of reactive oxygen and excited nitrogen species, as observed using ozone detection tubes (chemically) and optical emission spectroscopy. In particular, the levels of azoxystrobin, cyprodinil, fludioxonil and pyriproxyfen decreased by a maximum of 69%, 45%, 71 and 46% respectively after 5 minute of treatment at 80 kV (RMS). The kinetics of degradation was modelled using a simple first-order differential rate equation. These findings suggest the potential of nonthermal plasma treatment as a means to ensure chemical food safety, in addition to its proven microbicidal effects. Future studies must focus on identifying the degradation products, and unravelling the mechanism of degradation(s) using advanced methods and model systems.
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